Abstract. Recent evidence has suggested that the presence and proliferation of vasa vasorum (VV) in the plaque is correlated to an increase in plaque inflammation and destabilization, leading to acute coronary events (e.g., heart attacks). Therefore, the detection and quantification of VV in plaque (i.e., extra luminal blood perfusion) is an important problem since it may enable the development of an index of plaque vulnerability. In this paper, we explore the feasibility of a method that employs a physics-based model of the scattered intravascular ultrasound (IVUS) radio frequency signal for the detection of blood. We evaluate our method using synthetic data and validate it using six 40 MHz pullback sequences acquired with three different IVUS systems from different arteries of rabbits and swines. Our experimental results are very promising and indicate the feasibility of our method for the computation of a feature that leads to automatic extra-luminal blood detection which may be an indication of plaque inflammation.
Introduction
Atherosclerosis is characterized by the formation and accumulation of plaque in the walls of the arteries which results in the hardening and thickening of the arteries [8, 16] . Coronary events such as heart attacks are the result of inflammation or thrombotic complications of the plaque. Vasa vasorum (VV) is a network of microvessels that penetrate and nourish the wall of the vessel [3] . Recent evidence has suggested that the presence and proliferation (i.e., increase in density) of VV in the plaque is correlated with an increase in plaque inflammation and the processes which lead to its destabilization [7] . Based on this evidence, it is believed that the detection and measurement of VV in plaque and the detection of leakage of blood within the plaques can enable the development of an index of plaque vulnerability.
Intravascular ultrasound (IVUS) is a catheter-based medical imaging modality that is capable of providing cross-sectional images of the interior of blood vessels and is currently the gold-standard technique for assessing the morphology of blood vessels and atherosclerotic plaques in-vivo. The IVUS catheter consists of a miniaturized ultrasound transducer which transmits ultrasound pulses and receives its acoustic radio frequency (RF) echo signals (i.e., A-line) at a discrete set of angles. The gray-scale B-mode IVUS images are the result of postprocessing (i.e., envelope detection, compression, compensation, scaling, and geometrical transformation) of these A-line signals.
While there have been several efforts to automatically extract and analyze the information from by IVUS data, it has not been until recent years that research has started to focus on the analysis of the RF ultrasound signals instead of the IVUS B-mode images as they are more reliable since they are not affected by any processing or transformations. Nair et al. [10, 11] proposed a method for plaque characterization, known as "virtual histology" (IVUS-VH), that is based on the use of features extracted from the signal's power spectrum. Kawasaki et al. [5] proposed a tissue classification method using features computed with from integrated backscatter of the RF signal. The feasibility of using wavelet analysis for plaque characterization using the RF amplitude was studied by Katouzian et al. [4] and Roodaki et al. [15] . Recently, Ciompi et al. [1] presented a method for plaque characterization that enhances in-vitro training sets by including examples from in-vivo coronary plaques using a floating forward feature selection method. Korga et al. [6] proposed a method for plaque characterization using fractal analysis-based features of the IVUS RF signal and a k-nearest neighbor classifier. O'Malley et al. [12] presented a study of the feasibility of blood characterization using IVUS data by employing features based on frequency-domain measures of the highfrequency signal. A common limitation of most of these methods is that the features that characterize the tissues of interest do not consider the effects of the interactions of the sound waves with the tissues. These effects (e.g., radial attenuation and attenuation due to the medium) determine the characteristics of the RF signal along the time axis. Therefore, the validity of a set of features may not be the same for the same type of tissues at different distances from the transducer. To overcome these limitations, our group has previously presented a method for the segmentation of the lumen in IVUS data using the RF signal and a physics-based model of the received IVUS RF signal [9] . In that work, the lumen/wall interface for each transducer angle was detected by solving an inverse problem. In this paper, we explore the feasibility of a new method for the detection of blood from IVUS using a similar approach with the following differences: (i) the new method is based on the comparison of the root mean square (RMS) power of the RF IVUS signal instead of the raw B-mode data, (ii) we perform the detection of several interfaces simultaneously instead of only the lumen and wall interface, (iii) the proposed method includes a regularization term to increase stability, and (iv) the proposed method is considerably faster since the problem can be formulated as a banded linear system which can be solved very efficiently. Specifically, our contributions are: (i) an efficient method for extracting a physics-based feature for blood detection from IVUS RF data, and (ii) a method for generating pseudo-colored B-mode images based on this feature. The rest of the paper is organized as follows: Section 2 presents the methods, Section 3 presents the results obtained, Section 4 presents our discussion, and Section 5 presents our conclusions and future work.
Methods

Scattering Model
When an incident sound wave interacts with an object, a fraction of its power will be reflected and a fraction will be absorbed by the object. When the wavelength of the incident wave is smaller in comparison to the size of the object, the wave is reflected in all directions (i.e., scattering). The power scattered by each object in the direction opposite to the direction of the incident wave depends on the differential backscattering cross section (DBC), which can be considered as a measurement of the effective (acoustic) area of the object [14] . The collective interaction of all the scatterers can be modeled using the Born approximation [2] which implies that the scattered echoes are weak in comparison to the incident signal, and therefore it is possible to use the principle of superposition to represent the total scattered wave as a sum of the individual reflections of each point scatterer. By considering that the wavelength of the IVUS impulse signal is large in comparison to the structures in the vessel, we can model the received IVUS RF signal by representing the structures in the vessel as a finite set of scatterers with an associated DBC coefficient. Consider a set of N point scatterers, Φ = {φ 1 , φ 2 , ..., φ N }, where each scatterer φ i = {θ i , r i , τ i } is characterized by its angular position θ, its radial distance from the transducer r, and its DBC τ . An A-line signal can be modeled by computing the interaction of the impulse wave with the set of M scatterers inside an angular window {Φ θ : (θ − θ) ≤ θ ≤ (θ + θ)}, where 2 θ is the angular divergence of the ultrasound beam. The received RF signal for the transducer angular position θ can be modeled as:
were, ω = 2πf is the angular velocity of the impulse wave of frequency f , c is the speed of sound, and σ is the standard deviation of a Gaussian function that is used to approximate the envelope of the impulse function [18] .
Characterization of Blood
Our hypothesis is that we can estimate the DBC value for small partitions of the IVUS RF signal and use these values to characterize and detect blood. Let S θ (t) andŜ θ (t) be the received and modeled RF signals, respectively, for the transducer angular position θ (i.e., A-line). These signals are divided into N P non-overlapping partitions of the same size P = β p − α p ∀p ∈ {1, 2, ..., N p }. By assuming that the signal contained on each partition P θ,p is generated by a unique type of tissue, it is considered that all the scatterers that generate that signal have the same
To estimate the DBC value that generates the signal in each partition we propose to compute the value τ θ,p such that the quadratic error between the RMS power of the real signal R θ,p and the modeled signalR θ,p for the partition P θ,p is minimal. However, the characteristics of the RF signals depend on the spatial position arrangement of the scatterers, which is unknown. Similar with our previous work [9] , we employ the Monte-Carlo approach on which N s samplings of random scatterers' positions with a given density D (i.e., number of scatterers per mm 2 ) are used to estimate the DBC τ θ,p such that the quadratic error between the RMS power of the real and each of the sampling modeled signalsR s θ,p is minimum. Additionally, in this work we introduce a regularization term that embodies our assumptions about the variability in the DBC values of the neighboring partitions G δ across the angular direction. Here, δ refers to the cardinality of the neighbors and N n = 2δ is the number of neighbors. For each partition, the DBC can be computed as:
where β is a parameter that controls the contribution of the regularization term. The DBC for all the partitions can be efficiently computed simultaneously by solving a banded-matrix linear system.
Results
Synthetic data: To verify the capability of our method in recovering the DBC of the tissues of interest using the IVUS RF data, we performed experiments using synthetic IVUS RF data that were created using parameters obtained from the literature and using a mask which determine the blood and non-blood regions. The DBC values were τ b = 1 mm 2 and τ w = 2 mm 2 for blood and non-blood, respectively, while the scatterer densities were D b = 100 scatterers/mm 2 and D w = 150 scatterers/mm −2 for blood and non-blood, respectively. Since the exact values of DBC are known, it is possible to assess the sensitivity of our method with respect to the parameters such as the size of partition, number of samplings, value of the regularization term parameter, and the cardinality of the neighbors (Fig. 2) . The mask used for creating the synthetic data, its corresponding IVUS B-mode reconstruction, and the recovered DBC values using 100 samplings, P = 0.05 mm, β = 1, and δ = 3 are depicted in Fig. 1 . Real RF data: Experiments were performed using real IVUS RF data from six 40 MHz pullback sequences acquired with three different IVUS systems. These sequences correspond to different arteries from rabbits and swines. For each sequence we employed our method on ten frames from different parts of the sequence and we compared the recovered DBC values for samples of lumen (i.e., blood) acquired from manual annotations provided by an expert. For these experiments the value of the width of the envelope of the impulse function was set to σ = 5.3e −8 , while the attenuation coefficient was set to the attenuation coefficient of blood (i.e., μ = 0.08276 dB/mm [17] ). The speed of sound was set to the speed of sound in a biological tissue (c = 1540 × 10 3 mm/s). The size of partition was set to P = 0.05 mm, the density was set to D = 400 scatterers/mm −2 using the voxel approach of Rosales et al. [13] . The cardinality of the neighbors was set to δ = 3 and β = 1. The information of the sequences and the mean of the recovered DBC values for each of the six cases are listed in Table 1 .
As a preliminary blood detection experiment, we used our method to recover the DBC values from the IVUS RF data of a frame corresponding to a 40 MHz IVUS from swine ( Fig. 3(a) ), for which histological information is available. The regions corresponding to vascularization in the histology data have been annotated by an expert. The resulting DBC values for each pixel of the corresponding B-mode image are depicted using a color palette. Additionally, we created a pseudo-colored version of the IVUS image (Fig. 3(d) ) using the DBC values and the same color representation. For comparison, we have manually annotated the regions of the resulting image that correspond to vascularization based to the criterion that a vessel should contain a region with DBC values corresponding to blood surrounded by DBC values corresponding to non-blood. In Fig. 3 (c) it can be observed that the recovered DBC values corresponding to blood from the lumen and the vessels in the adventitia are very similar. However, although there might be a correspondence between the VV in plaque (indicated by the blue rectangle in Fig. 3(b) ) and some of the regions inside the plaque in the reconstructed images, we consider that the DBC might not be sufficient to detect such small vasculature by itself and should be considered along with other features.
Discussion
The size of the partition is a parameter that determines the size of the smallest structure that we can detect with our method. Moreover, from the synthetic data results it can be observed that, as the size of the partition decreases, the error between the recovered and true DBC values also decreases. However, the variability of the recovered DBC values increases as the size of the partition decreases. This variability is compensated with the regularization term. In the experiments with real data, the recovered DBC values for blood are similar for all the cases, which is an indication of the feasibility of using this approach for blood detection. By using a color map with the recovered DBC values, it is possible to generate pseudo colored IVUS images as the example depicted in Fig.  3(d) , which may help the physicians to easier identify the different vessel structures. Exact correspondence between a histological slide and an IVUS image is difficult due to the variability in the orientation and position of the catheter and transducer. However, a fair correspondence may be achieved by locating large structures (side vessels) as in our histological example. While Figs. 3 (a, b, c) offer evidence of the feasibility of our method for extra-luminal blood detection, the manual detection of small vasculature such as VV in the recovered DBC or the colored B-mode images remains a difficult task. Therefore, a limitation of the present method is the lack of an automatic method for detecting the vasculature. We believe that the extra-luminal blood detection method can be improved by using the recovered DBC along with other image or RF-based features. 
Conclusions
We have presented a new method that employs a physics-based model of the IVUS RF signal for the computation of the DBC of the scatterers that generates the IVUS RF data. Our results are very encouraging and we believe that further research in this direction will lead to the development of a fast and reliable method for extra-luminal blood detection. Future work includes the use of overlapping partitions, additional quantitative validation, a method for the automatic segmentation of the vasculature, improvements to the scatterer model (i.e., adding attenuation by absorption), and the use of machine learning techniques for automatic blood detection.
